ABSTRACT Benz[a anthracene and the five metabolically possible vicinal trans dilydrodiols of benz[ajanthracene were tested for ability to initiate skin tumors in CD-i female mice.
Highly active metabolic intermediates, designated ultimate carcinogens, are responsible for the carcinogenic activity of polycyclic-aromatic hydrocarbons and many other cancercausing chemicals (1-4). Benzo[a]pyrene 7,8-diol-9,10-epoxide appears to be the principal ultimate carcinogen of the polycyclic environmental pollutant benzo[a Ipyrene. This conclusion is based, in part, on DNA binding (5) and the exceptionally high mutagenicity of the diastereomeric benzo[a]pyrene 7,8-diol-9,10-epoxides (6) (7) (8) , as well as the high carcinogenicity of one of these diastereomers (9) . The two proximate metabolic precursors of the 7,8-diol-9,10-epoxide, benzo[a]pyrene 7,8-oxide (10) , and trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (9, 11) have the requisite high carcinogenicity.
The possibility that diol epoxides are responsible for the carcinogenicity of other polycyclic aromatic hydrocarbons is a subject of substantial importance. We have developed a general hypothesis to predict which diol epoxides of polycyclic hydrocarbons are the ultimate carcinogenic forms of the parent hydrocarbon (8, 12, 13) . This hypothesis proposes that the formation of a bay regiont epoxide on a saturated, angular benzo-ring is a principal determinant of polycyclic hydrocarbon carcinogenicity. Application of the bay region theory to benz [a] anthracene (BA) predicts that 3,4-dihydroxy-1,2-epoxy-1,2,3,4-tetrahydrobenz[a]anthracene (BA 3,4-diol-1,2-epoxide) will have greater mutagenic and carcinogenic activity than other metabolically possible diol epoxides of benz [a] anthracene. Since dihydrodiol formation precedes epoxidation at the adjacent double bond, trans-3,4-dihydroxy-3,4-dihydrobenz[a]anthracene (BA 3,4-dihydrodiol) would be the critical metabolic precursor of the bay region diol epoxide of benz [a] anthracene. This proposal contrasts to the suggestion of Grover, Sims, and associates that the BA 8,9-diol-10,11-epoxide should have high biological activity and that the BA 8,9-dihydrodiol is the important metabolic precursor (14, 15) . In accord with the bay region theory, the metabolic product(s) of BA 3,4-dihydrodiol, formed by a purified monooxygenase system, were about 10 times more mutagenic to Salmonella typhimurium strain TA 100 than were the metabolites formed from benz[a]anthracene or the 1,2-, 5,6-, 8,9-, and 10,11-benz[a]anthracene dihydrodiols (16). In addition, recent studies have shown that the diastereomeric 3,4-diol-1,2-epoxides of benz[a]anthracene were 15-to 500-fold more mutagenic to bacterial and mammalian cells than were the diastereomeric 8,9-diol-10,11-epoxides and 10,11-diol-8,9-epoxides (17 (18) and from the finding that a large percentage of known carcinogens are mutagenic per se or are metabolized to mutagenic products (19, 20 The time course of tumor induction over the 20 weeks of promotion by TPA is illustrated in Figs. 1 and 2 , which summarize the percent of mice with tumors and the total number of tumors observed per group, respectively. The data obtained with animals treated with the high dose of 2 smol of hydrocarbon was used in Figs. 1 and 2 in order to better distinguish the activity of the weaker initiators. BA 3,4-dihydrodiol induced tumors in a significant number of animals by 6-8 weeks of promotion, and 50% of the animals had tumors at 9-10 weeks. The first tumors in animals treated with the 1,2-, 5,6-, or 10,11-dihydrodiols appeared at 12 weeks, and the first tumor-bearing animal in the group treated with BA 8,9-dihydrodiol was observed after 18 weeks of promotion (Fig. 1) . The number of tumors that developed in the group treated with 2.0 ,umol of BA 3,4-dihydrodiol increased in a linear fashion from 6 to 20 weeks of promotion (Fig. 2) , and by 20 weeks the 3,4-' dihydrodiol had induced 25-70 times as many tumors as the other four dihydrodiols. DISCUSSION A quantitative assessment of dihydrodiol formation from benz[a]anthracene has not been described, although there is evidence for the metabolic formation of all five of the dihydrodiols of benz[a]anthracene (23) (24) (25) . Except for the K-region BA 5,6-dihydrodiol, the four other dihydrodiols have adjacent double bonds that can be oxidized to form diol epoxides. Interestingly, the 10,11-epoxide of BA 8,9-dihydrodiol, produced by the microsomal fraction of rat liver, was the first diol epoxide of a polycyclic hydrocarbon to he be identified (25) . The metabolic pathway of diol epoxide formation is: oxidation of the aromatic ring of the hydrocarbon to form an arene oxide, hydration of the arene oxide to form a trans-dihydrodiol, and finally, oxidation of the adjaunt olefinic double bond. The cytochrome P-450-dependent monooxygenase system catalyzes the aromatic and olefinic epoxidations, and epoxide hydrase catalyzes trans-dihydrodiol formation from the arene oxide. Both the monooxygenase and epoxide hydrase are found in the endoplasmic reticulum of a variety of mammalian cells, including those of mouse epidermis (26, 27) . Therefore, under the experimental conditions of this study, dihydrodiols and diol epoxides could be formed from benz[a]anthracene in mouse skin.
The bay region theory of polycyclic hydrocarbon carcinogenicity predicts that the BA 3,4-diol-1,2-epoxide is an ultimate carcinogenic metabolite of benz [a] anthracene. Since only one metabolic step is required to convert a dihydrodiol to a diol epoxide, we had anticipated high tumorigenic activity for BA 3,4-dihydrodiol (8, 12, 13 However, in the presence of a highly purified monooxygenase system, BA 3,4-dihydrodiol is metabolically activated to products that are 10 times more mutagenic than the metabolic products of benz[a]anthracene or its four other dihydrodiols (16). The high intrinsic mutagenicity of the synthetic BA 3,4-diol-1,2-epoxide diastereomers toward both bacterial and maOmalian cells (17) implicates one or both of the 1,2-epoxides as the activated metabolite(s) of BA 3,4-dihydrodiol. The diastereomeric BA 8,9-diol-10,11-epoxides and BA 10,11-diol-8,9-epoxides are one to three orders of magnitude less mutagenic than the BA 3,4-diol-1,2-epoxides (17 
